Psammon communities are still poorly studied worldwide. The aim of the present study was to establish the structure of psammic rotifer communities including their diversity and quantitative parameters. A total of 41 rotifer taxa were found in hydro-, hygro-, and euarenal zones of eutrophic Lake Võrtsjärv and mesotrophic Lake Saadjärv during the study carried out in Estonia in 2008, including 11 rotifer species new to Estonia. In L. Võrtsjärv, the predominant rotifer taxa were Bdelloidea and Lecane psammophila. L. psammophila dominated in July and August and bdelloids prevailed in the rest of the year. In L. Saadjärv, the most abundant taxa were Lepadella ovalis, Keratella hiemalis, and Cephalodella megalocephala. The psammic rotifer community of L. Saadjärv proved to be more diverse than that of L. Võrtsjärv. Microphagous rotifers were dominant in L. Võrtsjärv. Raptorial feeders dominated in L. Saadjärv in summer and autumn and were more abundant at sites with coarser sand and low plant density.
INTRODUCTION
Psammon consists of diverse groups of organisms dwelling in the interstitial sandy habitat at the shoreline. Despite unstable and very fluctuating environment, a relatively large variety of species and high population densities can be found in the arenal (Pejler 1995 , Schmid-Araya 1998 , Ejsmont-Karabin 2003 , making it probably an important fringing biotope considering the biodiversity, energy flow, and nutrient cycling. Nonetheless, the structure and functioning of psammic communities have been understudied compared with plankton or benthos. Rotifers are the most thoroughly researched psammic taxa (Pejler 1995) . However, data on the composition of interstitial rotifer assemblages from the European Baltic ecoregion are very scanty. Our previous survey (Lokko et al. 2013 ) revealed that rotifers were among the most abundant groups in the zoopsammon of two Estonian lakes with different trophic status. Rotifers are recognized as important carbon transporters in freshwater food webs (Nogrady et al. 1993) . Knowledge of the structural patterns and variability in psammic rotifer assemblages is essential for understanding their role in the interstitial food web.
The functional trait approach is increasingly being used in the community ecology. Unlike the traditional species-specific approach, the trait-based research focuses on species' ecological functions, which enables better understanding and prediction of the community structure and functioning along environmental gradients (McGill et al. 2006 , Díaz et al. 2008 , Tomanova et al. 2008 , Smith et al. 2009 , Litchman et al. 2010 . Trophic properties of organisms have proved to be particularly useful functional traits in community analysis. In several planktonic rotifer studies (Hillbricht-Ilkowska 1983; Karabin 1985; Špoljar et al. 2005 , 2011a Virro et al. 2009; Obertegger & Manca 2011; Bertani et al. 2012) , the species have been grouped into functional guilds according to their feeding types. Application of community indices has proved to be a useful tool in studies of communityenvironment interactions. Based on feeding strategies, Smith et al. (2009) introduced the Guild Ratio as the ratio of raptorial rotifers to microphagous species, which was recently modified by as the Guild Ratio Index. This index provides valuable insights into community relations with environmental and ecosystem processes, and has several advantages over the classical approach (e.g. diversity indices), as it requires lower taxon resolution, focuses on functional aspects and can be used with infrequent sampling intervals . To date, the guild ratio has not been applied to psammic rotifer assemblages.
The aim of the present study was to establish the structure of psammic rotifer communities in two boreal lakes: the eutrophic Võrtsjärv Lake and the mesotrophic Saadjärv Lake, including their seasonal diversity, trophic traits, and quantitative parameters.
MATERIALS AND METHODS

Study lakes
The study was conducted in L. Võrtsjärv and L. Saadjärv in Estonia. L. Võrtsjärv (58°15'07''N; 26°01'47''E) is a relatively large, yet shallow eutrophic lake. It has a short water residence time and water exchanged every year (Tuvikene et al. 2004) . L. Saadjärv (58°32'27''N; 26°38'58''E) is smaller but deeper, and has relatively slow water exchange rates. L. Saadjärv is mesotrophic and slightly alkaline waters (Ott 2007) . Data on several physical and chemical characteristics of the studied lakes are presented in Table 1 .
Sampling and analyses
A total of 88 samples were collected from the psammon zone of eutrophic Lake Võrtsjärv and mesotrophic Lake Saadjärv during the growing season in 2008. In each lake, samples of psammon were collected at two 50 cm long transects located on a sandy beach. Each transect was divided into three distinct zones: hydroarenal -permanently submerged sediment, hygroarenal -a strip of wet sand at the shoreline, and euarenal -beach sands above the latter. Up to four samples were collected from each zone depending on the lake water level. Samples were collected with a 2.9 cm diameter sharp-edged plastic tube corer down to a depth of 3 cm in the sand. The samples were transferred to a plastic container, rinsed with carbonated drinking water, and fixed with Lugol's solution.
During sampling, sand grain size (scale: coarse, medium, fine sand; grains with a diameter of approximately 500 µm -750 µm were considered as medium sand) and vegetation cover (scale: highly vegetated, poorly vegetated, no vegetation) were visually evaluated in a transect. The samples were condensed to 100 ml by sedimentation for 4 days and by siphoning off the excess water. From each sample, five 2 ml subsamples were taken in which all rotifers were counted under a microscope in a Bogorov chamber. The specimens were slide-mounted in glycerol and identified to the lowest possible taxon using an Olympus BX 50 microscope. Illoricate rotifers were identified by their trophi which were dissolved out with household disinfectant Domestos® containing sodium hypochlorite (NaClO <5%).
The Shannon diversity index (SDI) (Margalef 1957 ) was used to describe the diversity of communities. To evaluate similarity between zoopsammic communities of L. Saadjärv and L. Võrtsjärv, the Sørensen index (Krebs 1989 ) was used. The Guild Ratio Index (GRI) ) was employed to analyze the trophic structure of rotifer communities. The rotifer taxa were assigned to functional feeding groups (guilds) of microphagous sedimentators and raptorial feeders according to their trophi types (based on Kutikova 1970 , Hillbricht-Ilkowska 1983 , Nogrady et al. 1993 , Špoljar et al. 2005 ). In the Segers (2007) . The relations between the vegetation cover rates, coarseness of sand, and psammon rotifer GRI were analyzed using the nonparametric Kruskal-Wallis test, because the data were not normally distributed. To detect differences in the diversity and GRI values between the lakes, the Mann-Whitney U-test was used. Probability levels of ≤0.05 were considered significant. Statistical analyzes were carried out using the STATISTICA software.
RESULTS
A total of 41 rotifer taxa were identified from hydro-, hygro-, and euarenal zones of eutrophic L. Võrtsjärv and mesotrophic L. Saadjärv (Table 2) , including 11 rotifer species new to Estonia. Table 2 Psammon rotifer taxa from L. Võrtsjärv and L. Saadjärv. The numbers represent the months of occurrence; asterisked (*) taxa are new records for Estonia. Classification of taxa into functional feeding groups (FFG) is presented by abbreviations: M -microphagous sedimentators; R -raptorial feeders. Occurrence in hydroarenal (zone 1), hygroarenal (zone 2), and euarenal (zone 3) zones is given as a percentage of all individuals found in a particular zone. NA -no information about abundance (qualitative sample) Rotifer population densities significantly varied between months (Kruskal-Wallis test, P<0.001). The highest densities were observed in July (76.0 ind. cm -2 in L. Võrtsjärv and 71.2 ind. cm -2 in L. Saadjärv), and the lowest in spring (ca. 8 ind. cm -2 in both lakes). In L. Võrtsjärv, the predominant rotifer taxa were Bdelloidea and Lecane psammophila (Fig. 1) . L. psammophila dominated in July and August, and accounted for 55% and 38% of the total rotifer abundance, respectively. Bdelloids prevailed in the rest of the growing season (55-90%). In L. Saadjärv, the most abundant taxa (Fig. 2) were Lepadella ovalis (43% in July, 60% in September), Keratella hiemalis (23% in April), and Cephalodella megalocephala (20-30%). Rotifers were more abundant in euarenal in August and September, in the hydroarenal zone in March, July, and November, and in the hygroarenal zone in June. However, due to large variability, the differences in population densities between different zones did not statistically differ along the shore elevations.
The psammic rotifer community of L. Saadjärv proved to be more diverse than that of L. Võrtsjärv. The highest diversities were measured at the intermediate sediment grain size. Diversity decreased with the increasing plant density. SDI significantly varied between months (Kruskal-Wallis test, P<0.001) with the highest diversities observed in July in both lakes (Fig. 3) . The lowest diversities for the growing season occurred in June in L. Võrtsjärv and in April in L. Saadjärv. SDI significantly fluctuated in the different arenal zones of L. Võrtsjärv. Due to large inter-monthly variability, the SDI did not differ statistically along the shore elevations in L. Võrtsjärv, whereas areas closer to water had reduced diversity in L. Saadjärv. The Sørensen similarity coefficient comparing the two lakes was 0.54.
The GRI had significantly higher values in L. Saadjärv (Mann-Whitney U-test, P<0.001) and varied substantially between months (Kruskal-Wallis test, P<0.001) with the highest values observed in August in L. Saadjärv and in July in L. Võrtsjärv (Fig. 4) .
GRI indicated microphagous dominance in L. Võrtsjärv throughout the growing season. Raptors dominated in L. Saadjärv in summer and autumn. GRI values were higher with coarser sand and low plant density (Figs 5 & 6) . Bdelloids were the most abundant microphagous sedimentators in L. Võrtsjärv; only L. psammophila were more abundant in July and August. In L. Saadjärv, there were no clear dominant microphagous species through most of the year, except for L. psammophila in summer and Lepadella ovalis in September. The representatives of the genus Cephalodella were the most abundant raptors in both lakes, while Dicranophorus capucinus was also common in L. Saadjärv.
DISCUSSION
As evidenced by both the Shannon diversity index and the number of taxa, the zoopsammon of mesotrophic L. Saadjärv was more diverse than that of eutrophic L. Võrtsjärv. This is consistent with the study carried out on the Polish lakes with different trophic conditions, where higher values of the Shannon index and larger numbers of rotifer species were found in lakes with lower trophic status (Bielańska-Grajner 2005) . This result supports the theory that the trophic status of a water body affects the diversity of zoopsammon communities. However, not always a significant correlation between the composition of the psammon rotifer community, the species richness, and the trophic status of a lake can be determined (Ejsmont-Karabin 2003) .
The number of rotifer species found in psammon in this study is to some extent lower in both lakes than the number observed in some Polish lakes with a similar trophic status , Ejsmont-Karabin 2005 , but higher compared to lakes with a lower trophic status (Bielańska-Grajner 2001) . Nonetheless, the real number of psammon rotifer species in L. Saadjärv, and especially in L. Võrtsjärv, might be slightly higher, because bdelloids were not identified to the species level.
High abundance of bdelloid rotifers in L. Võrtsjärv is apparently related to the size of sand grains and the amount of the decaying plant material in interstitial space. Mostly fine sand was found in the arenal zone of L. Võrtsjärv, and coarser sand in L. Saadjärv. Ejsmont-Karabin (2004) also reported that bdelloids prefer the finest grain fraction. There are studies, however, where no significant correlations were found between the number of rotifers and the sand grain size (Bielańska-Grajner 2005) . Being fine and small particle feeders, bdelloids should favor higher quantities of plant debris and associated bacteria in the arenal of L. Võrtsjärv.
Rotifer population densities significantly varied between months with the highest densities observed in July and the lowest in spring in both lakes, whereas seasonal pattern varies among taxa. Large population density fluctuations during the vegetation period or even over a shorter period are common in psammon, and have been described in several studies (e.g. Thane-Fenchel 1968; Ejsmont-Karabin 2001 . The present study is consistent with the previous studies indicating that interstitial microhabitats are unstable and unpredictable, and characterized by very variable and fluctuating community composition (e.g. Evans 1984 , Pejler 1995 .
In L. Võrtsjärv, rotifer population densities in different arenal zones varied somewhat during the growing season, however, there was no clear seasonal pattern or the most populated zone. Based on the previous studies (e.g. , Bielańska-Grajner 2004 ), it appears that euarenal has usually a higher number of species and population densities, but sometimes the highest population densities may occur in hygroarenal (e.g. Bielańska-Grajner 2001, Bielańska-Grajner & Poznańska 2010) or vary depending on the season . Furthermore, hygroarenal has been considered as an unstable habitat with limited resources (Ejsmont-Karabin 2005) .
Both in the case of planktonic rotifer assemblages and psammon, a higher trophic status of a water body seems to be related to lower GRI (i.e. lower proportion of raptorial rotifers). Compared to L. Võrtsjärv, the GRI was significantly higher in mesotrophic L. Saadjärv, with raptorial dominance in August and September. In addition, Obertegger & Manca (2011) reported higher relative abundance of raptorial rotifers in plankton in oligotrophic conditions in a subalpine lake. The status of the lake changed over the last decades from oligotrophic to meso-eutrophic and back to oligotrophic, which was followed by changes in the Guild Ratio − from raptorial dominance to microphagous and back to raptorial again (Obertegger & Manca 2011) . Although microphagous rotifers dominated in L. Võrtsjärv throughout the growing season, the highest GRI in both lakes was recorded in summer. This is similar to L. Washington planktonic rotifer community, where raptorial rotifers were more abundant in summer and microphagous dominated in spring and autumn ). Prevalence of microphagous rotifers feeding on detritus, bacteria, and small algae, is characteristic of habitats with higher trophic status (Špoljar et al. 2005, 2011a) .
Many species-specific interactions between psammic rotifers and environmental factors were found in our previous study (Lokko et al. 2013 ), but as evidenced by the current study, a combination of community indices (SDI and GRI) may produce a better general picture of seasonality and relationships between the ecological factors (incl. lake trophic status) and the community structure. However, further research is needed to confirm the relations between the ratio of raptorial to microphagous rotifers in psammon and the lake trophic status.
